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Introduction
In trace analysis the introduction of large sample volumes is a simple and efficient way to increase analyte detectability. In capillary gas chroniatography large volume injections can be carried out either by applying on-column injection using retention gaps [ 11 or by using temperature programmable (PTV) injectors. On-column injection is relatively simple and accurate but less suited for dirty samples as involatile sample constituents easily contaminate the column inlet which results in a poor long-term stability of the system [2, 3] . This becomes even more true when dealing with large sample volumes. In this respect PTV based large volume injection techniques are clearly advantageous because here involatile matrix compounds remain deposited in the liner and generally cause less problems.
Already 15 years ago Vogt and co-workers [4,5] constructed a temperature programmable injector and applied it for the introduction of large sample volumes (up to 250 ~1 ) in biomedical and environmental applications. Despite their good results there has hardly been any interest in the PTV injector for large Y ,o 1 ume sampling in the first ten years following the publication of Vogt. In this period the PTV injector did, however, receive considerable attention as an alternative injector to conventional hot splidsplitless injectors. The groups of Schomburg [6] and Poy et al. [7] demonstrated that temperature-programmed sample introduction offers a number of advantages in comparison with hot injection techniques. The most important one is that discrimination of high boiling analytes is virtually absent when the sample is injected into a cold chamber. Furthermore, the quantitative performance of PTV injection is much better compared to the hot injection techniques. Following these early PTV developments, there has been a renewed interest in the use of the PTV injector for large volume sample introduction in the last five years.
At present four techniques for large volume injection using PTV injectors can be distinguished. The first technique is the solvent split injection which was presented when the PTV injector was introduced [4, 5] . Here the sample is injected with the split exit open at an injector temperature below the solvent boiling point. After elimination of the solvent the analytes retained in the liner are transferred to the analytical column in the splitless mode. The liner has to be packed, e.g. with glass wool, to prevent the liquid sample from being pushed to the base of the injector which results in losses via the split exit or in flooding of the column inlet. The maximum volume of liquid that can be held within the injector depends mainly on the dimensions of the liner and the amount of packing material. Sample volumes exceeding the maximum volume have to be introduced in several steps or, more elegantly, in a speed controlled manner. The time between two injections and the introduction speed, respectively, have to be adjusted to the solvent evaporation rate. Variables affecting the sampling process have been extensively discussed [S-lo] . In liners packed with glass wool quantitative recoveries are found for compounds with a boiling point above that of Ci3 [9] . For more volatile analytes liners packed with selective adsorption materials are required or multidimensional GC systems have to be used [ 1 1,121.
The second method for introducing large sample volumes using PTV injection devices is the so-called large volume splitless injection [13]. The sample is introduced at a temperature below or close to the pressure corrected boiling point of the solvent. During sample introduction the split valve is closed and the solvent is vented via the analytical column. Volatile compounds co-evaporating with the solvent are not lost via the split exit as is the case for the solvent split method described above, but are trapped in the swollen stationary phase of the analytical column.
The flow, rate through the liner is equal to the column flow rate which makes the time needed for solvent elimination much longer than in solvent split injection.
A third alternative for PTV large volume sampling was initially described as PTV vapor overflow [14] In the vapor overflow technique the sample is rapidly injected into the lower part of a packed liner at a temperature far above the boiling point of the solvent. The Fplit exit is closed but the septum purge outlet is wide open. A violent evaporation causes most of the expanding solvent vapor and volatile wlutes to escape through the septum purge outlet. Solutes of low volatility are retained at the cold spot in the liner created by evaporation of the solvent. After solvent evaporation the temperature of the evaporation zone returns to the injector temperature and transfer of the analytes into the column is initiated. When the liner is packed with glass wool losses occur for n-alkanes up to C25 1161. With a Tenax packed liner quantitative recoveries were obtained for C2n and higher boiling compounds. The technique was also applied for direct injection of aqueous samples [17] . Here the application of the method is again restricted to higher boiling sample constituents.
The fourth technique for large volume injection using PTV injectors is adsorptiodthermal desorption (or solid-phase extractiordthermal desorption). In contrast to the other techniques this method can only be applied for aqueous samples. The liner is packed with an adsorption material and the sample is pushed through the liner, in the liquid state, by a high flow oi'carrier gas. The analytes are sorbedonto the adsorption material. After drying the liner the analytes are thermally desorbed and transferred to the analytical column. During injection the split valve is open and the injector temperature is ambient or slightly higher. To prevent water from entering the GC column a counter current flow from the column towards the injector is applied. The method was applied for analysis of chlorobenzenes and chlorophenols in 100 pl water samples [l8]. Another application described the determination of various organic compounds in water volumes up to 1 ml [19] .
For the introduction of large volumes of organic solvents the adsorptionkhermal desorption technique is not suited. From the other three techniques large volume splitless injection is less suited because solvent elimination is time consuming and the vapor overflow technique is only applicable to a narrow range of relatively high boiling compounds. In other words, the solvent split technique offers the best possibilities for large volume sample introduction using PTV injectors.
The current PTV injectors are almost exclusively equipped with narrow inserts, with typically I mm internal diameter (i.d.), to allow rapid vaporization of the analytes. As these liners can only hold 20-30 p1 of liquid 1131, one is often compelled to apply speed controlled sample introduction. Here the introduction speed is a critical parameter which is affected by many experimental variables and requires careful optimization. In this work the use of PTV injectors equipped with liners with larger internal diameters, allowing rapid introduction of larger sample volumes, is evaluated. The effect of liner i.d. on the amount of solvent that can be held within the injector, the splitless transfer of analytes to the analytical column and on the occurrence of thermal degradation were studied. In addition the effect of solvent properties and PTV temperature on the recoveries of n-alkanes in large volume sampling were evaluated. All liners were packed with silanized glass wool (Perkin Elmer). PTV-1 and PTV-3 could be cooled to subambient temperatures with liquid carbon dioxide. All solvents were freshly distilled before use. Fatty acids were silylated as follows: in a 2 ml vial 400 1-11 of BSTFA (bistrimethylsilyltrifluoracetamide) were added to a mixture of decanoic acid, tetradecanoic acid, octadecanoic acid and docosanoic acid (10 mg each). The vial was closed and maintained at 65 "C for 30 min. Next, the contents were diluted with 10 ml of hexane. Manual injections were carried out rapidly, i.e. within 1-2 s, (called 'at-once injection') using 10, 50, 100 or 250 pl syringes (Hamilton) with 50 mm needles. Speed controlled sample introduction was carried out with a 1 ml speed programmable syringe (SPS, Gerstel). For GC separation a 20 m x 0.32 mm id. column coated with 0.5 pm Ultra-1 was used applying helium as carrier gas. Data collection was done with an Omega integration system (Perkin Elmer). in the upper and bottom part of the liner are lower than in the middle section due to heat losses to the surrounding atmosphere and the oven, respectively. Needle tip, column entrance and packing material were all positioned in the properly heated zone inside the liner of each PTV injector.
Temperature Projiles

Results and Discussion
One of the main differences in the design of classical splidsplitless injectors and PTV injectors is the vaporization chamber. To allow rapid heating, liners of PTV injectors are designed to have a low thermal mass. For that reason the internal diameter of PTV liners is generally smaller than that of conventional splitlsplitless injectors. Very rapid heating, i.e. faster than cu 10 "Is, can be useful in cold split injection. Further the use of low-volume inserts can be beneficial for the separation efficiency in isothermal analysis. In most other application\, however, broad input bands caused by slow transfer of compounds from the liner to the column will be refocused by either cold trapping or solvent trapping. A disadvantage of the low internal volume of liners in the current PTV injectors is that only 20-30 pl of liquid can be injected at once. For larger volumes losses of liquid sample will occur and speed controlled sample introduction has to be applied. Although the optimization of speed controlled sample introduction has been thoroughly discussed [S-101, direct rapid injection of the sample would greatly simplify the use of F'TV injectors in large volume sampling. For classical splitfsplitless injectors, equipped with ca 4 mm i d . inserts, rapid injection of large volumes is possible [ 15,201. Recently two new PTV injectors equipped with liners with larger internal diameters became commercially available. In the present contribution the performance of these injectors for large volume sampling is evaluated and the results compared with those obtained using a PTV injector equipped with a narrow liner. The sampling procedure for large volume injection with PTV injectors in the solvent split mode described in this work consists of three steps: rapid injection of the sample, evaporation of the solvent, and splitless transfer of the analytes to the column. To prevent flooding of the liner the maximum sample volume has to be determined first. Then the splitless transfer step is optimized for small sample volumes. Finally, solvent elimination times and recoveries of analytes for large volume injections are determined.
Maximum Sample Volume
The maximum volume of liquid that can be injected at once into the cold PTV injector is determined by the volume of liquid that can be retained in the injector. This depends on the dimensions of the liner and the properties of the packing material. For a first estimation the maximum injection volume was determined visually. The liner was packed with glass wool and placed in the injector which was maintained at 30 "C. No column was installed and a helium split flow of 250 mllmin was applied. When injecting too large amounts of solvent, liquid was seen to occur at the bottom end of the injector. The maximum volumes so determined were later confirmed by analyaing increasing sample volumes and checking linearity of peak area plotted vs. injection volume.
For hexane the maximum injection volumes were as follows: PTV-1 (length of glass wool plug 3 cm), 20 pl for the 1 A remark should be made here regarding the syringes. For the 100 and 250 pl syringes used it was observed that liquid leaving the syringe needle was nebulized when the plunger was pressed down rapidly. This is probably beneficial because in this way there is no risk that a stream of liquid "pierces" directly through the glass wool packing and is then lost via the split exit at the bottom of the injector.
PTV Splitless Injection
In this work liners with varying internal diameters are studied for large volume sampling. As the liner i.d. also strongly affects the splitless transfer step, a brief discussion on some aspects important in splitless injection is appropriate here.
Injector ovegow. In classical hot splitless injection injector overflow occurs when the volume of solvent vapor is too large to be accommodated in the liner [21] . This causes sample constituents to leave the injector via the septum purge or to penetrate into the carrier gas supply line. For this reason the injection volume in hot splitless injection is restricted to some 2 p1. In cold splitless injection the sample volume is restricted by the amount of liquid that can be retained in the liner. Here, injector overflow can occur if the solvent evaporates too fast. In contrast to hot splitless injection, overflow in cold splitless injection is generally less of a problem because the analytes are vaporized after the solvent, i.r. when the solvent vapor is escaping via the septum purge the analytes are still deposited on the glass wool. To confirm this, splitless injections of 5-30 pl of alkane standards (C8-C2o) in five solvents were carried out using 2.3 or 3.4 mm i.d. liners and heating rates of 3-4 'Is. Quantitative secoveries of all n-alkanes were obtainedindicating that vapor ovefflow isnot amajor source of concern here. Sumple transfer. For sapid and efficient transfer of the sample from the liner into the column dilution of sample vapors by diffusion in and mixing with the carrier gas should be kept to a minimum 1221. Minimum dilution is achieved by using narrow liners. This is visualized in Figure 1 where 2 pl of an alkane mixture in hexane were injected with the split valve closed during the entire run. Due to the higher carrier gas velocity in smaller i.d. liners the transfer of the compounds to the column is faster and occurs at lower temperatures (Figure 2) . From this figure it can be seen that 75% of triacontane is transferred to the column at a temperature of 210 "C for the 1.2 mm i.d. liner whereas 290 "C is required for the 3.4 mm i.d. liner. Besides the use of narrow liners the carrier gas velocity can also be increased by applying higher inlet pressures during splitless transfer. Here the use of a pressure programmable gas chromatograph is advantageous. A high inlet pressure for efficient transfer is applied during the splitless period, after which the inlet pressure is decreased to the optimum value for separation of the analytes. Rapid splitless transfer can be important because of thermal degradation of sample components. Labile analytes can decompose in packed inserts. Often catalytic activity of the glass wool packing plays an important role in the degradation process [6, 18] . To illustrate the effect of liner i.d. on degradation the response of silylated fatty acids obtained using cold splitless injection was compared with that observed in on-column injection. Degradation of trimethylsilyl esters is a very stringent test for hydrolytic activity which is mainly due to presence of silanol groups 1231. As is shown in Table 1 , the least volatile silyl ester completely decomposed in all three liners. The recoveries of the other silyl esters improved as the liner i.d. decreased. This is due to the lower Figure  3A) . Part of these compounds enters the column together with the solvent. This part is spread by recondensed vapor and appears in the chromatogram as a broad shoulder eluting before the sharp peak. The sharp part of the peak originates from the solute fraction that entered the column after the solvent. In contrast, the more volatile n-alkanes enter the column together with the solvent, and sharp peaks appear in the chromatogram because the solute bands are reconcentrated by the solvent effect. High boiling compounds are not broadened because they leave the injector well after the solvent and do not enter the flooded column inlet.
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Peak distortion due to excessive solvent recondensation can be prevented in several ways. The use of lower heating rates will improve peak shapes because a lower proportion of the (intermediate volatile) analytes will enter the column together with the solvent. An alternative is to vent the solvent via the column before heating the injector. With this approach we found that band broadening could be prevented for splitless injections up to 100 p1. Although quantitative recovery of all analytes was achieved (98-105%, Cs-Czo), venting via the column was not very time efficient. Furthermore, compatibility with the detector may be a problem. Another way of preventing excessive solvent recondensation was to adjust the column temperature to a few degrees below the solvent boiling point as was also done by Grob
[ 13 1. In this case only a small volume of solvent recondenses, too little for flooding the column but still enough for reconcentrating volatile analytes by solvent trapping. The most convenient way to prevent excessive recondensation was the use of higher column flow rates as is illustrated in Figure 3B . Prior to splitless injection the inlet pressure was increased to 200 kPa, corresponding to a column flow of ca 11 ml/min, and after 1 min the pressure was decreased again to 50 kPa for GC separation of the analytes.
Sharp peaks are obtained because the high carrier gas flow during splitless transfer accelerates evaporation of the recondensed vapor in the column inlet which reduces the length of the flooded zone. Despite these promising results, for practical reasons constant inlet pressures were used in further experiments.
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Solvent Split Injection
Cooling eflects. The time needed for elimination of the solvent prior to splitless transfer of the analytes to the column is determined by the evaporation rate of the solvent. The evaporation rate of the injected liquid i s proportional to the mole fraction (Xj) of solvent vapor in the purge gas and to the total gas flow leaving the injector. Assuming this gas is saturated with solvent vapor and the solvent vapor behaves as an ideal gas, the evaporation rate can be described by:
where Fj is the evaporation rate in mol/min, Fsplit the split flow in mol/min, P j the vapor pressure of the solvent at the initial liner temperature and Pin the inlet pressure. Unfortunately, this equation is not very useful to calculate the real solvent elimination rates because evaporation can cause considerable cooling of the liner. Cooling occurs because the heat capacity of the glass wool packed liner is low and heat transfer from the liner wall to the evaporation site is slow. The strongest cooling effect was meas- packing the temperature decrease was less but it took more time to return to the initial value which indicates that vaporization takes place from the rear of the sample plug. By measuring the temperature in the liner with the thermocouple {positioned just below the syringe needle) the influence of several experimental parameters on the cooling effect could be studied. The degree of cooling depends on the evaporation rate which is strongly affected by the vapor pressure. This parameter in turn is determined by the PTV temperature and the solvent injected. Cooling effects at different initial PTV temperatures and for different solvents are shown in Figures 4 and 5. The temperature in the liner decreases until evaporation is so slow that cooling is compensated by heat transfer from the insert wall. The cooling effect is more pronounced at higher initial liner temperatures and for volatile solvents. In contrast to expectations, the decrease in temperature was found to show no correlation with values for the heat of evaporation [24] which are 53, 104, 53, 79 and 208 cal/ml, for pentane, dichloromethane, hexane, ethyl acetate and methanol, Large Volume Sample Introduction Using Temperature Programmable Injecton respectively. Due to cooling calculated evaporation rates and experimental values were found to differ up to a factor of three. Table 2 . The evaporation rate does not increase proportionally with the split flow due to a stronger cooling effect at higher split flow rates. The inlet pressure also affects the solvent elimination as illustrated in Table 3 . At higher inlet pressures the mole fraction of solvent vapor in the gas leaving the injector is lower. As the split flow is constant (mass-flow controlled) this reduces the evaporation rate (equation l). Again, the evaporation rate increases less than proportional with decreasing inlet pressures because faster evaporation is partially offset by lower values for Pj due to stronger cooling.
Finally, the effect of the sample volume on solvent elimination was studied. For volumes of 25 p1 and larger the minimum temperature reached after injection is similar. As a consequence, for volumes exceeding 25 p1 the time needed for solvent elimination was found to be approximately proportional to the volume injected.
Recovery of n-alkanes from direrent solvents. In solvent split injection the analytes have to be retained in the liner while the solvent is vented via the split exit. When the liner is packed with glass wool the solutes are retained in the liner by two mechanisms: cold trapping and solvation. For intermediate and high boiling solutes, which can be quantitatively retained by cold trapping only, the procedure for large volume injections up to 150 pl is very simple. Based on the results described so fara PTV injector equipped with a liner with an i.d. larger than 2.5 mm should be used applying a split flow preferably above 200 ml/min. The sample is injected rapidly in a cold injector with the split valve open. Splitless transfer is performed when the solvent has been vented completely. The moment of closing the split valve is not very critical provided it is not closed too early. Closing the split valve too late will hardly cause losses as the vapor pressure of the compounds is very low. For the determination of the vent time there are several possibilities. The easiest way is to ignite the vapor leaving the split exit. This works well for pentane, hexane (yellow flame) and ethyl acetate (weak blue tlame), but not for dichloromethane and methanol. The method also fails when evaporation is very slow, i.e. at low initial PTV temperatures. A more sophisticated approach is to use a thermal conductivity detector as monitor 191, an approach which is applicable to all solvents. An alternative is to use the FID itself as monitor. In this case the column temperature is maintained above the pressure corrected boiling point of the solvent. Solvent entering the column during solvent splitting will reach the FID after the column dead time. When solvent evaporation is complete the FID signal returns to the baseline. The width of the solvent peak so obtained approximately equals the time needed for evaporation of the solvent. The procedure is demonstrated in Figure 7 which shows the injection of 100 pl of an alkane standard in methanol. The first solvent peak in Figure 7 is in fact the monitor signal of the solvent elimination step; i.e. evaporation took approximately 1 min. Next the analytes plus traces of residual methanol were splitlessly transferred to the column. Quantitative recovery was obtained for Ci7 and higher boiling n-alkanes (see Table IV below) . From similar experiments carried out at lower PTV temperatures it was found that in order to retain n-alkanes in the liner by cold trapping only, the PTV temperature should be about 250 "C below the boiling point of the solute. This means that at SO "C quantitative recoveries are obtained from C17, at 30 "C from C16 and at 0 "C from Ci4. It is evident that the use of lower initial temperatures makes solvent elimination more time consuming. As an application the analysis of PCBs with GC-MS is shown in Figure 8 . Obviously, detection limits at the ppt level are readily achievable in the SIM mode as indicated by the signal to noise ratio of the hexachlorobenzene and major PCB congener peaks.
For volatile analytes which can not be retained by cold trapping solely, solvation by the liquid in the liner can considerably improve recoveries. In this case the split valve should be closed slightly before the solvent has been completely eliminated because, with the last traces of solvent, the solvent trapping effect will disappear as well. Hence, the moment of closing the split valve is more critical. Closing the split valve too late will result in severe losses of volatiles while too early closure can lead to peak distortion due to excessive recondensation of solvent vapor in the column. The effect of the vent time on the recovery of volatile n-alkanes was studied by injecting 100 pl of alkane standards in several solvents. Optimization of the solvent split time now starts with determining the time needed for complete evaporation of the solvent as described above. Next the vent time is decreased in small steps. From these experiments it became clear that losses of volatiles mainly occur during elimination of the last 5-15 p1 of solvent. This is easily explained from Figures 4-6. With evaporation of the last portion of liquid both extra cold trapping due to the cooling effect and solvent trapping of the compounds in the liquid layer disappear rapidly. With optimal solvent trapping, i.e. using hexane as solvent for n-alkanes, it is possible to retain more than95% of nonane after a 100 pl injection in the solvent split mode (Table 4) . A low initial temperature of 0 "C was applied here for efficient cold trapping. Besides, retention of the analytes in the hexane layer will be stronger at low temperatures. To accelerate evaporation venting was performed (Figure 9 ).
In Table 4 recoveries of n-alkane standards in five organic solvents are compared for 100 pI injections under different conditions. A hexane injection at 0 "C was carried out with an excessively long vent time of 15 min to demonstrate that without solvation n-alkanes more volatile than Ci4 are partially lost. As shown above solvation in hexane greatly reduces losses of the volatile alkanes, even at higher initial PTV temperatures. For ethyl acetate and dichloromethane, which are less favorable solvents for n-alkanes, recoveries for the most volatile solutes are worse because solvent trapping is less efficient. For dichloromethane this is partially compensated by a stronger cooling effect and a shorter evaporation time.
As was stated above, when solvation is needed for retaining the analytes during solvent elimination, vent times are critical. However, even in this situation the repeatability was surprisingly good. Relative standard deviations (RSD) were 2-8% when recoveries were below 85% and better than 2% for higher recoveries. Only with methanol RSD values were slightly higher, 2-5%. With correct venting times the injection volume, ranging from 25 to 150 pl, had no noticeable effect on the recovery. Besides, for 100 p1 injections no differences in recovery were found using either the 3.4 mm i d . liner (PTV-I) or the 2.3 mm i.d. liner (PTV-2) under similar conditions.
Compurison with Speed Controlled Sample Introduction
For 100 pl hexane samples the at-once injection was compared with speed controlled injection. In order to obtain good results for volatile analytes low initial PTV temperatures were used. At-once injection was performed as described above using the 3.4 mm i.d. liner at 0 "C. For speed controlled injection a liner with an internal diameter of 1.2 mm was used (PTV-3) at optimized conditions as described earlier [9], and a temperature of -30 "C was used which allowed an introduction speed of 25 pl/min. The recoveries are included in Table IV . For the speed controlled sample introduction it was expected that n-alkanes from C12 would be quantitatively retained by cold trapping because of the very low injector temperature. However, even for C13 a 25% loss was observed. On the other hand, when injecting a small volume of 5 pl at once at -30 "C, even after purging with a high helium flow for 15 min no losses were observed for C12.
Adding pure hexane at a controlled speed after the 5 p1 injection again resulted in losses. These losses increased with the amount of hexane injected. Even the recovery of Ci4 was affected when more than 100 p1 of hexane were added. Consequently, the recovery of more volatile compounds is volume dependent [ 251 and a lower temperature will be generally needed for quantitative retention of the analytes in the liner during solvent elimination in speed controlled injection than with at-once injection. No explanation of these observations can as yet be forwarded.
Based on the results obtained in this work guidelines (Table 5) can be given for the selection of the PTV liner i.d. best suited for a given application. For thermolabile analytes narrow liners (k 1mm i.d.) with small amounts of glass wool are best suited because the occurrence of degradation is kept to a minimum. The maximum volume that can be injected at-once in these liners is restricted to ca 20 pl, for larger volumes speed controlled sample introduction has to be performed. For thermostable compounds the sample volume determines the choice of the liner i.d. and the introduction mode. For volumes up to 150 pl the use of PTV injectors equipped with 2 2.5 mm i.d. liners allows at-once injection of the sample. As a consequence, no optimization of injection speed and no extra devices for sample introduction are required. In addition to this the application range is extended towards more volatile analytes. For sample volumes of over approximately 150 pl the sample has to be introduced in a speed controlled manner. In this case there is no restriction with regard to the i.d. of the liner. Large volume sample introduction using PTV injectors in the solvent split mode is an attractive technique to improve analyte detectability in capillary GC. Two injection modes, i.e. at-once and speed controlled injection, can be applied depending on the sample volume, the volatility and also on the thermostability of the analytes. 
